GuHCl-purified dFABP. The urea-treated (A) and GuHCl-purified (B) samples were subjected to far-UV CD spectroscopy for secondary thermal stability analysis. Notably, the reversed 25 • C spectrum (denoted re-25 • C and shown as the thinnest line) in the temperature profile of the urea-treated dFABP was found to be irreversible at 215 nm due to protein precipitation (Supp. Fig. S2 ). different conformational homogeneities var-89 ied significantly upon heating (Fig. 1) . The 90 impact of undesired conformational hetero-91 geneity in dFABP on biophysical analysis was 92 observed in the initial far-UV circular dichro-93 ism (CD) spectrum. In contrast to the ir- 94 reversible profile observed for urea-treated 95 dFABP, there exists a partially reversible pro- 96 file for GuHCl-purified dFABP after the heat- 97 ing process ( Fig. 1A and B) . In addition, the 98 melting curves obtained at 215 nm revealed 99 that the two apo forms of dFABP behave 100 differently upon interaction with the ligand 101 oleic acid (OA; Supp. Fig. S2A ). This result 102 implies that the secondary structures of the 103 urea-treated sample were altered by the heat-104 induced precipitation of some nonprotein 105 contaminants (Supp. Fig. S3B and E) that 106 were absent in the GuHCl-purified sample 107 (Supp. Fig. S2D, S3F) . The undesired contaminants seem to have high molecular weights, as The HSQC spectrum of urea-treated liganded-like dFABP is shown in magenta and is superimposed on that of GuHCl-purified dFABP (light blue). Representative residues for conformer comparison are marked using black boxes. (B) The HSQC spectrum of GuHCl-purified apo-dFABP is shown in light blue. Representative residues for conformer comparison are marked using black boxes. (C) Representative cross-peaks are enlarged to indicate the different conformational subpopulations in the apo forms of dFABP from the two purification strategies. The residues labelled in grey with the prime symbol represent conformer-B', which is overwhelmingly present in urea-treated liganded-like dFABP, and the dispersion resembles that of OA-liganded holo-dFABP. (D) The intensity ratio of conformer-A reveals that the proportion of the apo form is approximately 3 times higher in GuHCl-purified dFABP than in urea-treated dFABP.
Since the region was relatively empty in GuHCl-purified dFABP, containing only three molecules 138 of water, this structure was denoted as apo-dFABP (Fig. 3B) . The crystal structures presented 139 herein support the importance of conformational homogeneity through the subtle dissimilarities 140 observed between two structures at similar resolution, with different temperature factors observed 141 in the corresponding hypothesized portal ( II, loops of C-D and E-F) and gap regions ( D-E). The 142 temperature factor-derived atom distributions of II and the C-D loop in the portal region of 143 apo-dFABP were more compact than those in liganded-like dFABP, and those of E-F in the gap 144 region were expanded during crystallization ( Fig. 3, Supp. Fig. S10 ). The larger atom distributions 145 of liganded-like dFABP in the portal region may have resulted from the use of ambiguous restraints 146 for the aliphatic tail of the endogenous unknown ligand, while the internal hydration of water 147 molecules within this region of apo-dFABP may result in more compact atom distributions (Kaieda 148 and Halle, 2015). As shown in the 5GGE liganded-like dFABP structure, crystallization might preserve 149 the slow-moving (gap region E-F) and promiscuous binding (portal region II) sites where diverse 150 positions occur. 151 The altered distribution of ordered waters in liganded-like dFABP is worth comparing to that 152 of apo-dFABP. Despite the presence of eleven water molecules within the binding cavity (blue) in 153 both structures, three water molecules (red) were positioned differently ( Fig. 3) . Because of the 154 existence of an unknown ligand, the three differently positioned water molecules were buried in the 155 lower part of the cavity in the liganded-like dFABP but in the upper part of the cavity in apo-dFABP. 156 In contrast to the possibility that the unknown ligand occupied the space in the upper cavity in the ligand binding cavity are defined by PyMOL and shown as spheres. Eleven in similar locations are coloured in blue. However, 3 water molecules (shown in red) were observed in different locations in the urea-treated liganded-like dFABP (PDB ID: 5GGE) and the GuHCl-purified apo-dFABP (PDB ID: 5GKB) structures. Both dFABP crystal structures are depicted with the true atom distribution derived from temperature factors, shown in a sausage representation. The discontinuously incomplete electron density maps are shown as red (lower) and blue (upper) meshes. The three residues R105, R125 and Y127, shown as CPK sticks, are within 3.5 Å of the lower part of the unknown ligand-like map and are conserved in FABPs due to their interaction with the carboxylate head of LCFAs. (B) The upper part of the cavity in the GuHCl-purified apo-dFABP is filled with 3 water molecules (shown in red) that are located in a different region from those in liganded-like dFABP. Two -helices are nominated as I and II, and the ten -strands are designated as A-J.
of the unknown ligand (within 3.5 Å) at the bottom of the ligand-binding cavity are also conserved 162 in previous holo-FABP complex structures ( Fig. 3A, 5C) . Accordingly, the distribution of these water 163 molecules ratherthan the unknown ligand near the upper cavity region of apo-dFABP is consistent 164 with the claim of higher conformational homogeneity in the GuHCl-purified dFABP sample.
165
Membrane interaction reveals a ligand triggering its own unidirectional transport 166 through modulating the dissociation of apo-dFABP from membranes 167 The GuHCl purification of dFABP enabled a study on the role of conformational relationship in 168 protein-membrane interactions. We first obtained conventional HSQC spectra to observe the 169 discrepancies between the apo and holo forms of GuHCl-purified dFABP through titration with 170 nanodiscs ( Fig. 4A and C) . Next, transverse relaxation-optimized spectroscopy (TROSY) spectra of 171 apo-and holo-dFABP bound to the 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) 172 /1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPG/DOPC) lipid nanodiscs (lipid NDs) at a 1:1 molar 173 ratio were acquired to enhance the signal disappearance by virtue of the TROSY effect ( Fig. 4B   174 and D, Supp. Fig. S5A , Supp. Table S14 ). Contrary to our expectations, after the addition of the 175 nanodiscs, holo-dFABP exhibited few changes from the previously acquired spectrum (Fig. 4A) . In The intensity change ratio in the TROSY spectra were obtained by dividing the final intensity (I , with ND) by the initial inten mapping onto the apo-dFABP structure (5GKB) corresponds the level of signal disappearance (fraction of attenuation in TRnsity (I 0 , without ND). The average difference on TROSY spectra between the two states is approximately 10. (C) Superimposition of the HSQC and TROSY spectra of apo-dFABP in the presence (red) or absence (blue) of lipid ND at a molar ratio of 1:1. A similar trend was observed for the representative TROSY spectra shown here. (D) The thickness of sausage presentatioOSY spectra) after interacting with lipid NDs. Residues in the II, D-F, and G-H loops and in I-II (see Fig. 3B ) with larger changes are labelled, and the unassigned residues are coloured yellow. The thicker segment above the average fraction of attenuation is further divided into three groups according to a serial lipid ND titration (followed using HSQC). Red indicates that the signal decayed immediately, whereas blue indicates that the signal decayed faster than those of the other residues (labelled in black).
in the tumbling rate ( Fig. 4B and C) . This result suggested that apo-rather than holo-dFABP interacts 179 with membrane mimetic nanodiscs. The scale of peak broadening in apo-dFABP in the presence of 180 lipid NDs was plotted as the fraction of attenuation and then superimposed on the tertiary structure 181 of apo-dFABP in a sausage model ( Fig. 4D) . 182 The diminishing peaks were clustered near the portal and gap regions and near the ligand 183 entry gates ( Fig. 4D, 5B ). This harmony between membrane and ligand interactions enabled the 184 development of a feasible model in which ligand uptake occurs after the attachment of dFABP to 185 membranes near the G-H loop, and the mechanism involves sliding to the region that encompasses 186 the II and D-F regions. To further decipher the enigmatic membrane interaction, residues with 187 attenuation differences above the average value in the TROSY spectra were selected, and their 188 signal decay rates were analysed using HSQC lipid ND titration (Supp. Fig. S5A and B) . After the 189 integrated evaluation, including signal attenuation and decay rate, four clusters with the following 190 characteristics were defined: 1) signals that decayed more slowly than the average rate (e.g., R30, 191 shown in black); 2) signals that decayed faster than the average rate (e.g., T74, shown in blue); 3) 192 signals that immediately disappeared upon the addition of lipid NDs (e.g., K99, shown in red); and 193 4) signals that remained detectable (e.g., L51, shown in hollow font) (Supp. Fig. S5B and C) . The red 194 and blue clusters are also shown in Fig. 4D . More polar and charged residues (namely, D76, R78, 195 K81, K96, D98, and K99), which are responsible for primary membrane attachment, were observed, 196 followed by successive sliding to integrate nonpolar and aromatic residues (namely, L23, G24, V25, Residues with values greater than the total average value (0.04 ppm, the lower, more closely spaced dotted line) were recalculated to obtain an average value similar to that of the upper, more widely spaced dotted line (approximately 0.1 ppm). Five of the seven residues above the highest average CSP value (in blue frames) are found to have higher levels of disappearance (fraction of attenuation in TROSY spectra) during lipid ND interaction. (B) B. The effect of lipid NDs on apo-dFABP mapping onto the apo-dFABP structure (5GKB) is shown in sausage representation. The five residues with higher levels of disappearance during lipid ND interaction are shown as sticks and are labelled on the structure; two of these (in squares) are located in the membrane-associated region. The maps of the unknown ligand in liganded-like dFABP (5GGE, red and blue meshes), stearic acid of human heart-type FABP (4WBK, yellow sticks), arachidonic acid of human epidermal-type FABP (4LKT, green sticks) and palmitic acid in human liver-type FABP (3VG7, purple sticks) are shown using the PyMOL structure alignment suit for ligand orientation comparison. (C) The effect of lipid NDs on holo-dFABP mapping onto the liganded-like structure (5GGE) is shown in sausage representation. The structure is superimposed with the 5GGE docking ligand using docosahexanoic acid (HXA, cyan sticks) in human B-FABP (1FDQ) and PatchDock, and the two residues interacting with the carboxylate head group of the docked HXA ligand are indicated in CPK with labels. Three aromatic residues of 5GGE, 5GKB and the docking model, which are located in the C-D loop and D-E, are labelled in magenta, green and mustard, respectively. . 6) PPARs trigger gene transcription and produce proteins for lipid metabolism (e.g., -oxidation) in the mitochondria or through other signaling pathways. The fraction of attenuation is illustrated in sausage representation for apo-and holo-dFABP ( Fig. 4D, Supp . Table S14 ) (5GKB and 5GGE, respectively), and the PyMOL-defined cavity water molecules and incomplete ligand-like maps are shown in spheres and meshes, respectively.
According to comprehensive data obtained for these residues, when the apo-dFABP first ap-214 proaches a lipid ND, a rolling motion occurs in the region composing the G-H E-F loops and the 215 I-II turn, which subsequently turns towards the portal and gap regions for ligand accommodation 216 ( Fig. 6) . In particular, the intensity of conformer-B' remained almost unchanged during lipid ND 217 titration, whereas that of conformer-A of apo-dFABP continued to diminish (Supp. Fig. S6B and S7C) . 218 Together with the consistent results showing a barely changed intensity in conformer-B' between 219 apo-dFABP and holo-dFABP during lipid ND interaction, these findings strongly indicate that the 220 ligands escorted by dFABP would favour unidirectional transportation ( Fig. 4A and B to the unliganded open form has not been universally consistent (e.g., 5BVQ, 4I3B). In our view, 236 the potential interactions among several key factors, including the escort protein, the target ligand, 237 and the ligand donor, all need to be considered concurrently for a successful interpretation of the 238 dynamic cargo transport mechanism. 239 In this article, we provide several lines of compelling evidence, including biophysical analyses 240 and structural comparisons, to support our speculation that the lipophilic ligand facilitates pro-241 tein-ligand complex dissociation from ligand donor membranes. The level of trace contaminants in 242 the urea-treated sample was unproblematic in our conventional ligand-protein interaction analyses 243 (Supp. Fig. S4B and C, Supp. Fig. S8 ). According to the CD studies shown in Fig. 1 and Supp. Fig. S3 ). The differences between the apo and holo 248 forms of urea-treated dFABP that are seen in far-UV CD spectra may result from the presence of 249 associated impurity because both forms had secondary structures with similar thermal stability in 250 the GuHCl-purified sample (Supp. Fig. S2A ). Further investigation of the membrane interactions 251 confirmed that the holo form had far fewer interactions with membrane mimetics (Fig. 4A and B ) 252 and that the apo form dissociated from membranes by an additional ligand binding, as seen in 253 the rescue study (Supp. Fig. S6C) . Therefore, the ability of OA to cause the urea-treated sample 254 to dissociate from membrane-like debris and adopt the free OA-liganded form would explain 255 the higher secondary thermal stability of the OA-liganded urea-treated dFABP (Supp. Fig. S2A) . 256 Although the analysis of protein thermal stability based on precipitation using far-UV CD spectra 257 was not applicable (Supp. Fig. S2A and D) , the proteins unfolded cooperatively and globally, as seen 258 in intrinsic fluorescence experiments (Supp. Fig. S2C) . The changes in Tm (as determined using 259 intrinsic fluorescence spectra) between the apo and holo forms of urea-treated and GuHCl-purified 260 dFABP were approximately 10 • C and 5 • C, respectively, and both holo forms had identical melting 261 curves, suggesting that the liganded forms of dFABP were consistent (Supp. Fig. S2C) . Moreover, the 262 difference in stability between the apo and holo forms was confirmed by a chemical denaturation 263 experiment, which showed that the rigidity assisted by the ligand was similar to the thermal stability 264 (Supp. Fig. S4A) . Altogether, the intrinsic fluorescence experiments on dFABP demonstrated that 265 the findings regarding the difference in thermal unfolding between the apo and holo forms were 266 consistent with those of previous CD studies (Gericke et al., 1997; Tsukamoto et al., 2009) , even if 267 the Tm values from the CD spectra were not readily interpreted. 268 We discovered through both microscopic and macroscopic analyses that the general hetero-269 geneity of FABPs, including unknown ligands and membrane-like debris, may be a reason for 270 inconsistency in the Phe residue orientation in the C-D loop (e.g., penguin apo-AFABP, 5BVQ).
271
Based on the crystallization results, the urea-treated liganded-like dFABP exhibited a tertiary struc-272 ture similar to that of the GuHCl-purified apo-dFABP, except that no ligand-like electron density 273 was calculated inside its binding cavity (Fig. 3) . Therefore, the difference in temperature factors 274 around the portal and gap regions may be attributed to conformational heterogeneity (Supp. unknown ligand (Fig. 3A) . Although the HSQC spectrum of urea-treated liganded-like dFABP exhib-280 ited minor perturbation upon ligand binding (Supp. Fig. S9A) , a high proportion of the holo form 281 left inadequate space for further membrane interaction. The spectra of urea-treated liganded-like 282 dFABP and OA-dFABP, especially in the region from D to E, are indistinguishable from ligand entry 283 to membrane interaction ( Fig. 2D and 4D) . 284 Consequently, GuHCl-purified apo-dFABP was used to study the relationship between proteins 285 and membranes in the presence and absence of ligands. The broadened apo-dFABP signals 286 resulting from membrane interaction were superimposed on the unliganded 5GKB structure, and 287 the residues were grouped by decay features corresponding to the order of membrane attachment 288 (Fig. 4D, Supp. Fig. S5) . By carefully dissecting the clusters in terms of ligand binding and membrane 289 interaction, a harmonious coupling was found to explain the interactions among lipophilic ligands, 290 escort proteins, and bilayer membranes as follows: 1) based on the crystallographic temperature 291 factors, we assumed that E-F controls ligand entry; and 2) membrane attachment was described 292 as being initiated by attaching to the G-H loop and rolling towards the region involving the II and 293 D-E because the signals for the G-H and E-F loops decayed faster than those for the portal and 294 gap regions ( II/ D-E) (Fig. 6) . The ligand is assumed to participate in the interface between the 295 protein and the membrane, and liganded dFABP tended to dissociate from the membranes after 296 binding to the ligand, as reported by ligand OA rescue analysis (Supp. Fig. S5) . 297 Numerous studies have suggested that positively charged residues in the helix region control 298 membrane interactions (Herr et al., 1996; Tsfadia et al., 2007; Dyszy et al., 2013) . More recent 299 research has demonstrated that these residues are part of a spatially arranged nuclear leading 300 sequence (Ayers et al., 2007; Gillilan et al., 2007; Armstrong et al., 2014) . Although residues in II, 301 such as R30, were disturbed by ligand and membrane titration (Supp. Fig. S6A and B) , they were 302 neither the main cause of nor independent contributors to the membrane attachment. In addition 303 to allowing further study of membrane interaction, the enriched conformational homogeneity of 304 dFABP provides a promising means of distinguishing membrane interactions from other interactions 305 and demonstrates that the conformer-A signals of residues that participate in membrane interaction 306 tend to disappear when the interaction occurs (Supp. Fig. S6B, S7C) . Residues that do not strongly 307 contribute to membrane interaction and those facing the ligand binding cavity (e.g., Y127) do not 308 fully lose intensity or show no chemical shift perturbation after membrane titration (Supp. Fig. S7D) , 309 in contrast to how ligand titration transforms conformer-A into the OA-liganded holo form (Supp. 310 Fig. S7B) . 311 According to our findings, the greatly decreased membrane affinity of liganded dFABP deter-312 mines ligand transport directionality. Not only does the orientation of ligand binding inside the 313 protein affect repulsion in the protein-membrane interaction ( Fig. 7B and C) First, ligands that can be uploaded complementarily into the escort protein may repel either the II 319 of FABPs (Cistola et al., 1996) or the charged interface of FABP-membrane due to their aliphatic 320 tails and thereby force FABPs to dissociate from the membrane (Fig. 5) . In contrast, ligands that do , 2006; Zamarreno et al., 2012; Ragona et al., 2014) . The relationship between liganded FABPs 329 and membranes provides an alternative interpretation: only through a specific orientation of the 330 ligand in the protein can the aliphatic tail modulate protein-membrane dissociation and act as 331 activator ligands to control protein-ligand complex release for nucleocytoplasmic translocation 332 (Armstrong et al., 2014) . The use of blockers targeting holo-FABPs instead of competitors for 333 apo-FABPs may be able to interrupt the pathways for entering the nucleus or for interacting with 334 effectors. Through illuminating the unidirectional transport by dFABP, this study advances research 335 on FABPs, particularly on their relationships with complementary LCFAs and membranes, which 336 will enable further investigation of their roles in the nucleus. The mechanism generalizes a model, 337 obtained by clarifying the working patterns of FABPs, in which the complementary lipophilic ligand 338 is the decisive factor in regulating its own transport directionality in membrane-associated escort 339 proteins.
340

Materials and Methods
341
Cloning and expression of dFABP 342 The second spliced isoform (CG6783-B) of the dFABP locus (CG6783) in the Drosophila genome 343 was found to share the highest homology to mammalian brain-type FABP, and its 130-residue 344 peptide sequence was expressed and purified for subsequent structural studies (Gerstner et al. , (Winn et al., 2011) . The initial models for 5GGE and 5GKB were 1FTP and 5GGE, respectively. Further 417 model building, the incorporation of the ligand citrate in 5GGE, and both structural refinements 418 were performed using the PHENIX suite (Moriarty et al., 2009) of lipid ND (Fig. 4C) . The average change is indicated by the dotted line. Residues labelled in 670 red are decayed immediately; others above the average value were analysed further by lipid ND 671 titration using a series of HSQC spectra. Residues shown in yellow are not assigned. (B) Residues 672 with attenuation fractions above the average in the TROSY spectra were selected, and their decay 673 rates were analysed using lipid ND HSQC titration. The signals of selected residues were fit to 674 the one-phase decay model in GraphPad, and those above the average K (2.88 M −1 ) were defined 675 as faster decaying residues. (C) The residues were classified according to a combination of the 676 attenuation fraction and signal decay rate, and representative residues appended with A indicate 677 conformer-A. Residues with consistent intensities bracketed as L51-A are depicted in a thin sausage 678 representation, as shown in Fig. 4D . A single-exponential decay function was applied to all TROSY-679 selected residues, and three representative residues, namely, R30, T74 and K99, are plotted and 680 coloured according to their decay patterns. 681 21 of 30
